Effects of Altering Freshwater Chemistry on Physiological Responses of Rainbow Trout to Silver Exposure by Bury, Nicolas R. et al.
Wilfrid Laurier University 
Scholars Commons @ Laurier 
Biology Faculty Publications Biology 
1999 
Effects of Altering Freshwater Chemistry on Physiological 
Responses of Rainbow Trout to Silver Exposure 
Nicolas R. Bury 
INRA -- Campus de Beaulieu 
James C. McGeer 
Wilfrid Laurier University, jmcgeer@wlu.ca 
Chris M. Wood 
McMaster University 
Follow this and additional works at: https://scholars.wlu.ca/biol_faculty 
Recommended Citation 
Bury, Nicolas R.; McGeer, James C.; and Wood, Chris M., "Effects of Altering Freshwater Chemistry on 
Physiological Responses of Rainbow Trout to Silver Exposure" (1999). Biology Faculty Publications. 26. 
https://scholars.wlu.ca/biol_faculty/26 
This Article is brought to you for free and open access by the Biology at Scholars Commons @ Laurier. It has been 
accepted for inclusion in Biology Faculty Publications by an authorized administrator of Scholars Commons @ 
Laurier. For more information, please contact scholarscommons@wlu.ca. 

50 Environ. Toxicol. Chem. 18, 1999 N.R. Bury et al.
number of metals [24–27] has enabled the gill to be considered
as another ligand in computer-based geochemical models. As-
suming that acute metal toxicity will depend on the metal–gill
surface interaction [13], prediction of toxicity based on water
geochemistry and gill metal burden may be possible. At pres-
ent, only copper toxicity to rainbow trout and brook trout has
been directly correlated to gill metal accumulation [27]. Con-
sequently, more data are required concerning the relationship
between metal toxicity and metal speciation and gill metal
accumulation. The present study provides information con-
cerning the influence of water chemistry on silver toxicity in
rainbow trout. Physiological (Na1 influx from the water) and
biochemical (gill Na1/K1-ATPase activity) parameters are
good indicators of the sublethal effects of metals [28], and
were measured to evaluate the effects of silver speciation (by
changing water Cl2, Ca21, Na1, and DOC levels within the
freshwater range) on silver toxicity in rainbow trout. The re-
lationship between these indicators and gill silver accumula-
tion was also assessed.
MATERIALS AND METHODS
Fish husbandry
Juvenile rainbow trout were obtained from Humber Springs
Hatchery, Orangeville, Ontario, Canada, and were initially
kept in flowing dechlorinated Hamilton (ON, Canada) tap wa-
ter (0.6 mM Na1, 0.8 mM Cl2, 1 mM Ca21, pH 8.0, 10–158C).
The fish were fed trout food (Martin Mills, Tavistock, ON,
Canada) at a ration of 1 to 2% of their body weight daily,
except on the day prior to transfer to experimental boxes. Soft
water was generated by reverse osmosis (RO, Andersen, Dun-
das, ON, Canada) and the fish were acclimated to this over a
2-week period. The final ion concentration in the holding tank
was adjusted by the addition of dechlorinated tap water to give
approximately 50 mM Na1, 50 mM Cl2, 50 mM Ca21, and 0.3
mg DOC/L at pH 6.8 and 11 to 148C. The fish were maintained
in this medium for at least 4 weeks before experimentation.
Silver exposure
For each test at a particular water composition six or eight
fish, average weight 8.83 6 3.84 g (6SD), were transferred
to black Perspex boxes containing 2.5 L of RO water adjusted
to 50 mM Na1, 50 mM Cl2, and 50 mM Ca21 by addition of
the salts Ca(NO3)2, NaCl, and KCl, respectively, to create a
defined medium. The fish were maintained in these containers
for 24 h prior to the experiment, with each box receiving
aeration with a flow through of between 22.9 and 44.2 ml/
min.
Each experiment lasted for 6 h. On commencement of the
experiment the flow to the boxes was stopped and the water
was spiked with the appropriate salts. Silver was added as
AgNO3 to give a concentration of 3.7 mg Ag/L, which was
verified by analysis (see below). The water Cl2, Ca21, Na1,
and DOC concentrations were varied individually by the ad-
dition of KCl, Ca(NO3)2, Na2SO4, or commercial humic acid
(Aldrich, St. Quentin Fallavier, France) to give concentrations
in the range of 50 to 600 mM Cl2, 50 to 1,500 mM Ca21, 50
to 1,500 mM Na1, and 0.3125 to 5 mg/L DOC, respectively.
All values were verified by analysis (see below). No silver
was detected in control media (detection limit 0.2 mg/L). Once
the boxes had been spiked the flow was turned on and the
concentrations of salts, DOC, and silver were maintained by
the addition of the relevant concentrated stock solution to the
inflow via a peristaltic pump. After 4 h the flow was stopped
and Na1 influx was measured over the next 2 h.
Na1 influx measurements
The Na1 influx rate from the water was determined by the
addition of 1 mCi22Na1/L. The radioisotope was allowed to
mix for 15 min and then a 13-ml water sample was taken. A
further water sample was taken at the end of the experiment.
After 2 h of exposure to the isotope, the fish were euthanized
by an overdose of anesthetic (MS-222, Syndel Pharmaceuti-
cals, Vancouver, BC, Canada) and washed in 3 mmol/L NaCl
for 1 min to displace surface-bound 22Na1. This was followed
by two 1-min washes in distilled water. The fish were blotted
dry with a paper towel, weighed, and then whole-body radio-
activity was measured on a gamma counter (Packard, Downers
Grove, IL, USA). Water [Na1] and [Ca21] were measured by
an atomic absorption spectrophotometer (Varian AA 1275,
Mississauga, ON, Canada), water [Cl2] via the colorimetric
mercuric thiocyanate method [29], DOC by a Rosemount An-
alytical DC-180 automated TOC analyzer (Folio Instruments,
Kitchener, ON, Canada), and silver by graphite furnace atomic
absorption spectrophometry (AAS) (Varian AA 1275 fitted
with a CTA-95 atomizer).
Whole-body Na1 influx was calculated from the formula
q
1whole-body Na influx 5 (2)
SA · t · wt
where q represents the counts per minute (cpm) for the whole
body, t is the time, wt is the wet weight of the fish, and SA
is the specific activity of the water calculated from
SA 5 [(cpmi/[Na]i) 1 (cpmf/[Na]f)]/2 (3)
where cpmi represents the initial cpm per milliliter in the water,
cpmf represents the final cpm per milliliter in the water, and
[Na1]i and [Na1]f represent the initial and final sodium con-
centrations of the water, respectively.
Gill silver accumulation
At the end of a separate set of experiments that followed
the same protocol, the fish were euthanized by an overdose of
MS-222 and the gills were rapidly excised, washed in distilled
water, and blotted dry. The wet weight of the gills was deter-
mined and a volume five times this weight of 10% (v/v) HNO3
was added. The gills were digested for at least 3 h at 808C,
vortexed, and allowed to settle. A 100-ml aliquot of the su-
pernatant was diluted with 0.9 ml of nanopure water and then
analyzed for silver concentration by graphite furnace AAS (as
above).
Gill Na1/K1-ATPase activity
At the end of a separate set of experiments that followed
the same protocol, the gills were perfused with phosphate-free
Cortland buffer (modified from [30]), so as to minimize con-
tamination with red blood cells. One or two gill arches were
placed in 0.5 ml of SEI buffer (0.25 M sucrose, 0.02 M Na2-
ethylenediaminetetraacetic acid [EDTA], 0.1 M imidazole, ad-
justed to pH 7.1 with HCl) and immediately frozen in liquid
nitrogen.
The gill samples were thawed and kept on ice throughout
the following procedure. The gills were sonicated by two bursts
at 30% of maximum with a sonic dismembrator. The resulting
mixture was centrifuged at 3,000 rpm for 5 min and the su-
pernatant was removed. The protein content was determined
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this parameter (i.e., gill Na1/K1-ATPase activity) is a good
indicator of the biological impact of silver.
The results from this study confirm that speciation governs
silver toxicity. Furthermore, the results illustrate that the gill
metal burden model does not relate to silver toxicity, as de-
termined by inhibition of Na1 influx or inhibition of gill Na1/
K1-ATPase activity. However, [Ag1] is a good indicator of
silver toxicity to rainbow trout. A new regulatory approach
for silver that considers speciation should be considered.
Acknowledgement—This study was supported by a Natural Science
and Engineering Research Council of Canada Industrial Oriented Re-
search grant in conjunction with Kodak Canada. We thank Joe Gor-
such, Ken Robillard, Tom Bober, Tom Purcell, and Tom Gorham for
valuable support and liaison, as well as Jim Kramer and Pam Collins
for their help with water DOC measurements.
REFERENCES
1. Coleman RL, Cearley JE. 1974. Silver toxicity and accumulation
in largemouth bass and bluegill. Bull Environ Contam Toxicol
12:53–61.
2. Davies PH, Geottl JR Jr, Singly JR. 1978. Toxicity of silver to
rainbow trout (Salmo gairdneri). Water Res 12:113–117.
3. Buccafusco RJ, Ells SJ, LeBlanc GA. 1981. Acute toxicity of
priority pollutants to bluegill (Lepomis macrochirus). Bull En-
viron Contam Toxicol 26:446–452.
4. Lemke AE. 1981. Interlaboratory comparison—Acute testing set.
EPA-600/3-81-005. U.S. Environmental Protection Agency,
Washington, DC.
5. Nebeker AV, McAuliffe CK, Mshar R, Stevens DG. 1983. Tox-
icity of silver to steelhead and rainbow trout, fathead minnows
and Daphnia magna. Environ Toxicol Chem 2:95–104.
6. LeBlanc GA, Mastone JD, Paradice BF, Wilson BF, Lockart HB
Jr, Robillard KA. 1984. The influence of speciation on the toxicity
of silver to the fathead minnow (Pimephales promelas). Environ
Toxicol Chem 3:37–46.
7. Diamond JM, Mackler DG, Collins M, Gruber D. 1990. Deri-
vation of a freshwater silver criteria for the New River, Virginia,
using representative species. Environ Toxicol Chem 9:1425–
1434.
8. Hogstrand C, Galvez F, Wood CM. 1996. Toxicity, silver accu-
mulation and metallothionein induction in freshwater rainbow
trout during exposure to different silver salts. Environ Toxicol
Chem 15:1102–1108.
9. Galvez F, Wood CM. 1997. The relative importance of water
hardness (Ca) and chloride levels in modifying the acute toxicity
of silver to rainbow trout. Environ Toxicol Chem 16:2363–2368.
10. Morgan IJ, Henry RP, Wood CM. 1997. The mechanism of acute
silver nitrate toxicity in freshwater rainbow trout (Oncorhynchus
mykiss) is inhibition of gill Na1 and Cl2 transport. Aquat Toxicol
38:145–163.
11. Wood CM, Hogstrand C, Galvez F, Munger RS. 1996. The phys-
iology of waterborne silver toxicity in freshwater rainbow trout
(Oncorhynchus mykiss): 1. The effect of ionic Ag1. Aquat Toxicol
35:93–109.
12. Webb NA, Wood CM. 1998. Physiological analysis of the stress
response associated with acute silver exposure in freshwater rain-
bow trout (Oncorhynchus mykiss). Environ Toxicol Chem 17:
579–588.
13. Pagenkopf GK. 1983. Gill surface interaction model for trace-
metal toxicity to fishes. Environ Sci Technol 17:342–347.
14. Morel FMM, Hering JG. 1993. Principles and Applications of
Aquatic Chemistry. John Wiley & Sons, New York, NY, USA.
15. Campbell PGC. 1995. Interactions between trace metals and
aquatic organisms: A critique of the free-ion activity model. In
Tessier A, Turner DR, eds, Metal Speciation and Bioavailability
in Aquatic Systems. John Wiley & Sons, Chichester, West Sussex,
UK, pp 45–102.
16. Erickson RJ, Benoit DA, Mattson VR, Nelson HP Jr, Leonard
EN. 1996. The effects of water chemistry on the toxicity of copper
to fathead minnows. Environ Toxicol Chem 15:181–193.
17. Evans DH. 1987. The fish gill: Site of action and model for toxic
effects of environmental pollutants. Environ Health Perspect 71:
47–58.
18. Brooke L, Erickson R, Kahl M. 1995. Effects of laboratory test
conditions on the toxicity of silver to aquatic organisms. Pro-
ceedings, 2nd International Conference on Transport, Fate and
Effects of Silver in the Environment, Madison, WI, USA, Sep-
tember 11–14, 1994, pp 119–122.
19. Klaine SJ, La Point TW, Cobb GP. 1996. Influence of water quality
parameters on silver toxicity: Preliminary results. Proceedings,
3rd International Conference on Transport, Fate and Effects of
Silver in the Environment, Washington, DC, USA, August 6–9,
1995, pp 65–78.
20. Schecher WD, McAvoy DC. 1992. MINEQL1: A software en-
vironment for chemical equilibrium modelling. Environ Urban
Sys 16:65–76.
21. Hogstrand C, Wood CM. 1998. Towards a better understanding
of the bioavailability, physiology and toxicity of silver in fish:
Implications for water quality criteria. Environ Toxicol Chem 17:
547–561.
22. U.S. Environmental Protection Agency. 1980. Ambient water
quality criteria for silver. EPA440-5-80-071. Final/Technical Re-
port. Washington, DC.
23. Bergman HL, Dorward-King EJ. 1997. Reassessment of Metals
Criteria for Aquatic Life Protection. SETAC Technical Publi-
cation Series. SETAC, Pensacola, FL, USA.
24. Playle RC, Dixon DG, Burnison K. 1993. Copper and cadmium
binding to fish gills: Modification by dissolved organic carbon
and synthetic ligands. Can J Fish Aquat Sci 50:2667–2677.
25. Playle RC, Dixon DG, Burnison K. 1993. Copper and cadmium
binding to fish gills: Estimates of metal–gill stability constants
and modelling of metal accumulation. Can J Fish Aquat Sci 50:
2678–2687.
26. Janes N, Playle RC. 1995. Modeling silver binding to gills of
rainbow trout (Oncorhynchus mykiss). Environ Toxicol Chem 14:
1847–1858.
27. MacRae RK, Smith DE, Swoboda-Colberg N, Meyer JS, Bergman
HL. 1999. Copper binding affinity of rainbow trout (Oncorhyn-
chus mykiss) and brook trout (Salvelinus fontinalis) gills. Environ
Toxicol Chem (in press).
28. Wood CM. 1992. Flux measurements as indices of H1 and metal
effects on freshwater fish. Aquat Toxicol 22:239–264.
29. Zall DM, Fisher D, Garner MD. 1956. Photometric determination
of chlorides in water. Anal Chem 28:1665–1678.
30. Perry SF, Daxboeck C, Ellis AG, Smith DJ. 1984. Perfusion meth-
ods for the study of gill physiology. In Hoar WS, Randall DG,
eds, Fish Physiology, Vol XB. Academic, New York, NY, USA,
pp 325–388.
31. Bonting SL, Simon KA, Hawkins NM. 1961. Studies on Na-K-
ATPase I. Quantitative distribution in several tissues of the cat.
Arch Biochem Biophys 95:416–423.
32. Steel RGD, Torrie JH. 1960. Principles and Procedures of Sta-
tistics A Biometrical Approach. McGraw-Hill, New York, NY,
USA.
33. McGeer JC, Wood CM. 1998. Effects of water chloride concen-
tration on physiological response of rainbow trout to silver. Can
J Fish Aquat Sci (in press).
34. Ferguson EA, Leach DA, Hogstrand C. 1997. Metallothionein
protects against silver blockage of the Na1/K1-ATPase. Proceed-
ings, 4th International Conference on Transport, Fate and Effects
of Silver in the Environment, Madison, WI, USA, August 25–
28, 1996, pp 191–197.
35. Perry SF. 1997. The chloride cell: Structure and function in the
gills of freshwater fishes. Annu Rev Physiol 59:325–347.
36. Simkiss K, Taylor MG. 1989. Metal fluxes across membranes of
aquatic organisms. Rev Aquat Sci 1:173–188.
37. CRC Press. 1984. CRC Handbook of Chemistry and Physics.
Boca Raton, FL, USA.
38. Potts WTW. 1994. Kinetics of sodium uptake in freshwater an-
imals: A comparison of ion-exchange and proton-pump hypoth-
eses. Am J Physiol 266:R315–R327.
39. Morel FHM. 1983. Principles of Aquatic Chemistry. Wiley In-
terscience, New York, NY, USA.
40. Engel DW, Sunda WG, Fowler BA. 1981. Factors affecting trace
metal uptake and toxicity to estuarine organisms. I. Environmental
parameters. In Vernberg FJ, Calabrese A, Thurberg FP, Vernberg
WB, eds, Biological Monitoring of Marine Pollutants. Academic,
New York, NY, USA, p 127.
41. Hollis L, Burnison K, Playle RC. 1997. Does the age of metal-
dissolved organic carbon complexes influence binding of metals
to fish gills? Aquat Toxicol 35:253–264.
